Abasic sites arise in DNA at a significant rate by spontaneous base loss as in depurination, by DNA oxidation (29) , or by the action of DNA glycosylases (9, 14, 27) . Estimates of the number of abasic sites generated per mammalian cell run as high as 50,000 to 200,000 per day (37) . Unrepaired abasic sites inhibit topoisomerases (53) , replication, and transcription (57) and can be mutagenic because of bypass synthesis on nontemplated DNA (26, 49) . Despite the large number of abasic sites generated per cell per day, the number of resulting mutations is extremely low. The difference reflects the elaborate mechanisms that the cell has devised to repair abasic sites (14, 29) . One of the key enzymes in abasic site repair is apurinic/apyrimidinic endonuclease (AP endo; also called Apex, HAP, and REF1). The predominant AP endo in mammalian cells, AP endo 1, is a multifunctional enzyme that hydrolyzes the phosphodiester bond 5Ј to an abasic site (23, 30, 34, 36, 41, 42, 52) . Cleavage generates a 3Ј hydroxyl terminus suitable for extension by a DNA polymerase and a downstream 5Ј terminus with a deoxyribose phosphate residue (dRP) that must be removed and replaced so that the two strands can be ligated in order to complete repair.
AP endo 1 is a highly conserved enzyme with similar proteins found at all levels of organismal complexity (38) . It accounts for ca. 95% of all endonuclease activity in the mammalian cell (14) . Beyond its 5Ј AP endonuclease activity, AP endo also exhibits secondary catalytic functions, including 3Ј exonuclease, 3Ј dRPase, 3Ј phosphodiesterase, and RNase H activities and the ability to cleave abasic sites in single-stranded DNA (10, 33, 38) . Interestingly, AP endo may have a function as a regulatory protein, since it has been reported to stimulate the binding of certain transcription factors, including c-Jun (40), c-Fos (55) , and p53 (22) , to their cognate DNA sequences. Furthermore, AP endo participates in the SET complex involved in granzyme A-mediated apoptosis (12) . Experiments in mammalian cells have indicated that reduced amounts of functional AP endo result in increased sensitivity to methyl methanesulfonate, H 2 O 2 , menadione, paraquat, and ionizing radiation (7) , and reducing AP endo levels in several cell lines by means of RNA interference leads to increased apoptosis (15, 47) .
The knockout mutation for AP endo in mice is lethal, and no viable null cell line has been created, leaving open the possibility that AP endo is critical for development. In an attempt to find alternative ways to study the role of AP endo in vivo and in situ, we turned to zebra fish (Danio rerio), which provides the appropriate vertebrate system for genetic and protein manipulation. Because the eggs are externally fertilized and transparent through early development, the investigation has easy access to all developmental stages. Zebra fish have a relatively short generation time of 2 to 3 months, they generate large numbers of progeny that develop rapidly, and the genome is currently being sequenced. Furthermore, zebra fish early development is remarkably similar to development in mammals, and specific genes can be knocked down shortly after fertilization with morpholino oligonucleotides (MOs) so that their roles in early development can be examined.
In this report we provide data that show not only that AP endo is required for cell viability but also that when its concentration is altered in the early embryo, specific developmental defects arise.
MATERIALS AND METHODS

Zebra fish lines.
All experiments were carried out with wild-type Tuebingen Long Fin embryos, except those using transgenic cmlc2:GFP fish (4) . Breeding and staging of embryos were performed according to standard protocols. For each experiment, a single clutch containing 300 or more embryos was used, with a minimum of 46 embryos per condition. Each experiment was repeated at least three times. Experiments were discarded if Ͼ2% of controls failed to divide to the two-cell stage in H 2 O-injected embryos.
was fixed in neutralization buffer (0.5 M Tris-Cl [pH 7.2], 1 M NaCl) for 15 min and then prehybridized at 60°C for 1 h. Radiolabeled zebra fish cDNA encoding region sequences were prepared by random priming of zfAPEX1 cDNA using the Prime-It II kit (Stratagene Cloning Systems). After prehybridization, the prepared membrane was hybridized in a Seal-a-Meal bag with 25 ng of labeled probe in hybridization solution and hybridized for 2 h at 60°C (ExpressHyb hybridization solution; BD, Palo Alto, CA), followed by washings as described by the manufacturer. Distribution of annealed radiolabeled probe was determined by PhosphorImager analysis.
Northern blot analysis. Total RNA was isolated from adult fish by using TRIzol reagent (Invitrogen) as outlined by the manufacturer. Gel electrophoresis and blotting onto nylon membrane (NYTRAN Superchange; Schleicher & Schuell, Dassel, Germany) were performed as described by the manufacturer. The radiolabeled zebra fish cDNA encoding region (see Fig. 2C ) or ϳ297 bp in the 3Ј-untranslated region (3ЈUTR) of the long copy (see Fig. 2C ) was prepared by random priming of zfAPEX1 cDNA using the Stratagene Primer-It II kit. Each lane contained 20 g of total RNA. The distribution of radiolabeled probe was determined by PhosphorImager analysis.
Whole-mount in situ hybridization. A plasmid containing zfAPEX1 full-length cDNA was linearized with XhoI restriction endonuclease and transcribed with SP6 RNA polymerase in the presence of digoxigenin-labeled nucleotides (Roche Applied Science, Indianapolis, IN). Whole-mount in situ hybridization was performed according to the standard protocol. Specimens were then examined by light microscopy.
Enzyme expression and purification. The zfAPEX1 encoding region was amplified by PCR from full-length zfAPEX1 cDNA by using the following primers: 5Ј-ATG CCC AAA AGA GCC AAG AAG-3Ј and 5Ј-CTA CAC TGC CAA AAA CAA GGT-3Ј. The resulting PCR product was ligated into pTricHis2TOPO vector (Invitrogen). The purification protocol was the same as the one used to isolate recombinant human AP endonuclease 1 (HAP1) in this laboratory (41) . The insert was sequenced and shown to contain a stop codon inserted in the 3Ј terminus of the encoding region. Zebra fish apurinic/apyrimidinic endonuclease 1 protein (ZAP1) was expressed in E. coli strain Top 10 (Invitrogen). After induction with IPTG (isopropyl-␤-D-thiogalactopyranoside) for 2 h, cells from a 2-liter culture were lysed in buffer A (50 mM Tris-HCl [pH 7.5], 1 mM EDTA) containing 500 mM NaCl, 0.5 mM phenylmethylsulfonyl fluoride, 1.0 g of pepstatin/ml, and 1 mM dithiothreitol by means of sonic disruption. After the removal of cell debris by centrifugation at 27,000 ϫ g for 15 min, the supernatant fraction was adjusted to 100 mM NaCl by addition of buffer A containing protease inhibitors and dithiothreitol. This mixture was passed over a Q-Sepharose column (100-ml bed volume) connected in series to an S-Sepharose column of the same size. After a wash with buffer A containing 100 mM NaCl, the S-Sepharose column was developed with increasing concentrations of NaCl up to 1 M. ZAP1, eluting under high-salt conditions (Ͼ500 mM NaCl), was further purified by chromatography over a Mono S column by fast-performance liquid chromatography (Pharmacia Biotech, Inc.). The purified enzyme eluted from the Mono S column at approximately 450 mM NaCl. N-terminal analysis confirmed that the isolated protein conformed to the predicted sequence. Enzyme concentration was determined from Bradford assays. Since the Bradford assay using BSA as the standard overestimated the actual protein concentration determined by amino acid analysis, results obtained by Bradford were multiplied by 0.7.
Preparation of substrate. Enzymatic assays were performed as previously described (41) . Substrate was prepared from a 45-mer oligomer containing a single G/U pair at position 21: 5Ј-AGC TAC CAT GCC TGC ACG AAU TAA GCA ATT CGT AAT CAT GGT CAT-3Ј and 3Ј-TGC ATG GTA CGG ACG TGC TTG ATT CGT TAA GCA TTA GTA CCA GTA-5Ј.
After the U-containing strand was labeled at the 5Ј end with T4 polynucleotide kinase (New England Biolabs) and heated to 70°C to inactivate the kinase, the complementary strand was added, and the solution was cooled slowly to room temperature. The ds end-labeled oligomer was then treated with uracil DNA glycosylase in the presence of NaBH 4 as described previously (41) . The presence of NaBH 4 serves to stabilize the abasic site and does not affect enzymatic activity. Upon cleavage with AP endo, the products of the upper strand were a 5Ј-32 Plabeled 20-mer and an unlabeled 24-mer containing dRP at the 5Ј end. The lower strand, which was unlabeled, remained intact. Steady-state assays were performed as previously described (41) in a 5-l volume at room temperature for the times indicated. Preliminary time course studies determined appropriate enzyme concentrations and time intervals. Steady-state concentration dependence was measured by using substrate concentrations between 22.5 and 1,006 nM over 20-s time intervals with 0.07 or 0.1 nM enzyme. The reaction buffer contained 50 mM HEPES-NaOH (pH 7.5), 0.1 mM EDTA, 5 mM MgCl 2 , and 82 mM NaCl. The experiment was repeated four times, with each determination performed in duplicate. Reactions were terminated by the addition of 0.5 M EDTA to a final concentration of 87 mM. Substrate and product were resolved by denaturing polyacrylamide gel electrophoresis (PAGE) using 15% gel in the presence of 8 M urea. The distribution of isotope was determined by phosphorimager analysis using a Storm 840 PhosphorImager and ImageQuant software (Molecular Dynamics, Sunnyvale, CA).
Design of MOs and preparation of rescue mRNA. The sequences of MOs were designed by the manufacturer (Gene-Tools, LLC, Philomath, OR) as follows: MO1 (5-CAT ATC TTT CTT ACC CAA CAC TTT A), MO2 (5-AAC AAT GCA CTG TTA CCA GTT CCA T), MO3 (5-CGA ATG TGT TCT TAC ATC AAG TCC G), and TS-MO (5-GTT CTT CTT GGC TCT TTT GGG CAT G). The MOs were diluted to 0.25 mM in water, and approximately 1 to 3 nl per embryo was microinjected at the one-to two-cell stage (1-2 cell stage). Microinjection of distilled H 2 O served as the control in each experiment. Each experiment was repeated two to three times. Since different preparations of MO showed slight differences in ability to affect embryonic progression, it was necessary to titrate each batch.
To construct the expression vectors, the encoding regions of hAPEX1 and zfAPEX1 were cloned into the EcoRI and XhoI sites of pCS2ϩ and sequenced. The 5Ј end of the human sequence differed sufficiently from that of the zebra fish sequence that it was not recognized by the TS-MO directed against the zebra fish gene. Furthermore, it could not bind the MOs that target splice sites originating from zfAPEX1a. Template plasmid was linearized with XhoI restriction enzyme, and hAPEX1 mRNA was transcribed using SP6 RNA polymerase (Message Machine; Ambion, Inc., Austin, TX) according to the manufacturer's instructions. Capped mRNAs were purified by phenol-chloroform extraction, dissolved in RNase-free water (Ambion), quantified by UV absorbance, and injected into 1-2 cell stage embryos mixed with the appropriate MO as indicated.
Zebra fish embryo protein extraction. Embryos were homogenized in 200 l of ice-cold radioimmunoprecipitation assay buffer (1ϫ phosphate-buffered saline [PBS], 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS) containing aprotinin (2 g/ml), leupeptin (2 g/ml), pepstatin A (1 g/ml), and Complete, Mini, EDTA-free protease inhibitor cocktail tablets (one tablet/7 ml) (Roche Diagnostics, Mannheim, Germany). After homogenization, phenylmethylsulfonyl fluoride (1.3 mg/ml in 100% ethanol) was added to the tissue suspensions. After incubation on ice for 30 min, the protein suspension was centrifuged at 13,000 rpm for 20 min at 4°C. The supernatant fraction was carefully removed and microfuged once more. Protein concentrations in the final supernatant fractions were determined via the Bradford assay (Bio-Rad, Hercules, CA) using BSA as the standard. To obtain protein per fish or embryo, total protein extracted was divided by the number of fish or embryos used to prepare the extract.
Western blotting of adult zebra fish and embryo protein extract. Zebra fish embryo and adult protein extracts (40 or 80 g) were resolved on NuPAGE 4 to 12% bis-Tris SDS-polyacrylamide gels (Invitrogen/Life Technologies) at 200 V for approximately 2.25 h. The resolved gel products were then either stained with Coomassie blue or transferred to a polyvinyl difluoride (PVDF) membrane (Invitrogen/Life Technologies) by an X Cell II blot module (Invitrogen/Life Technologies). The transfer was performed in NuPAGE transfer buffer (Invitrogen/Life Technologies) at 30 V for 1 h at room temperature. After transfer, the membrane was incubated in 1ϫ PBST (1ϫ PBS, 1% Tween 20) and 5% nonfat dry milk overnight at 4°C. After blocking, the membrane was incubated with primary antibody (1:2,000) for 2.5 h in 1ϫ PBST and 5% nonfat dry milk. Secondary antibody (goat anti-rabbit immunoglobulin G-horseradish peroxidase conjugate; Sigma Chemical, St. Louis, MO) incubation was performed at a 1:3,000 dilution in 1ϫ PBST and 5% nonfat dry milk for 1.5 h. The membrane was then washed eight times in 1ϫ PBST to remove excess secondary antibody (using the washing scheme described above). The hybridized membrane was then exposed to chemiluminescence reagent (NEN Life Science Products, Boston, MA) for 1 min and exposed to X-ray film. Initially, a wide range of the same peptides used to generate antiserum 2 was dotted onto the same PVDF membrane. This served to calibrate the intensity of the chemiluminescence arising from the ZAP1 band. In later experiments, a narrower range of peptides was used.
Microscopic examination. Live embryos were photographed using Nomarski or fluorescence optics at the W. M. Keck Center, Northeastern University. For acridine orange staining, dechorionated embryos were incubated in 5 g of acridine orange (Sigma Chemical)/ml in E3 medium for 30 min and analyzed by fluorescence microscopy.
For histological examination, embryos were fixed in 4% paraformaldehyde, 0.02 M sodium phosphate (pH 7.3), 0.15 M CaCl 2 , and 4% sucrose. After embedding in paraffin and sectioning, the embryos were stained with hematoxylin-eosin (H&E) and examined by light microscopy. 
RESULTS
The cDNA for zebra fish AP endo 1 has a coding sequence for a protein with 310 amino acids and a very high degree of homology (78%) to mammalian AP endo 1. In initial experiments comparing hAPEX1 with the University of Washington Genome Resources Zebrafish EST database (http://zfish.wustl .edu), we identified one EST (fc54d10.y1) with homology to hAPEX1 when translated to the protein sequence. Primers designed to isolate the sequence of EST fc54d10.y1 were used to amplify a 348-bp fragment from whole zebra fish genomic DNA by PCR, and the fragment was subcloned. This fragment was then used to screen an embryonic zebra fish cDNA library at 8 h postfertilization (hpf) cloned into pSPORT1 for the presence of a full-length APEX1 gene. The resulting clones fell into two classes: clone 1 was 1,844 bp long, whereas clone 2 was 2,101 bp long. The 933-bp (310 amino acids) coding region of the two clones was identical. The region of divergence was in the 3ЈUTR, where clone 2 contained an additional 300 bp.
Clone 2 also contained a palindromic repeat in the 3ЈUTR between bp 1805 and 1837, which was lacking in clone 1. The zebra fish protein (ZAP1) was 78% homologous (67% identical) with the 318-amino-acid sequence of HAP1, with conservation of all residues involved in endonuclease binding and catalysis (Fig. 1) . Note that the residue in the human enzyme that is reported to be required for redox activity, Cys 65 (48), was not conserved. Depending on the alignment, this residue was replaced in ZAP1 by either a serine (Ser 59 ) or a threonine (Thr 58 ). Based upon molecular modeling (35) , the region with the greatest divergence was in the amino terminus, residues 1 through 40. The three-dimensional structure was very similar (99%) to that of HAP1 (data not shown).
The genome of zebra fish contains two copies of a gene for an enzyme highly homologous to hAPEX1. (Fig. 2A) . Two copies of zfAPEX1 were identified in the zebra fish genome by means of genomic PCR. The longer copy, zfAPEX1a, consisted of four introns (ranging from 80 to 1,128 bp) and five exons, the first of which was untranslated. Boundaries between exons and introns followed the GT/AG rule. The introns and exons of zfAPEX1a were located in approximately the same position as those in hAPEX1. The zfAPEX1a locus was mapped to zebra fish chromosome 4 according to the Sanger zebra fish whole-genome database. The shorter copy (zfAPEX1b) was identical to the cDNA except that the 3Ј and 5Ј UTRs were shorter and the gene contained no introns. The map position of zfAPEX1b is unknown at this time. The DNA sequence upstream of both copies of zfAPEX1 lacked a Kozak sequence and other identifiable regulatory sites, including a TATA box, a finding consistent with constitutive expression. The coding region of zfAPEX1 was gel purified, radiolabeled, and used to probe Southern blots of whole zebra fish genomic DNA. PhosphorImager analysis of the membrane revealed multiple discrete bands in each of three digests (Fig.  2B) . The NdeI digest (Fig. 2B, lane 1) contained two bands of approximately 3.9 and 10.8 kb. Three bands (6.5, 4.4, and 1.8 kb) were identified in the EcoRV/NdeI double digest (Fig. 2B,  lane 2) . The density of the band at 1.8 kb made it likely that there were two fragments at this molecular size. The third digest with HindIII/NdeI (lane 3) gave evidence of four discrete bands at 6.4, 4.3, 2.7, and 0.8 kb. The diagram to the right in Fig. 2B shows the locations in zfAPEX1a of the NdeI, HindIII, and EcoRV sites obtained by genomic sequencing. Note that zfAPEX1b lacked HindIII and EcoRV sites. These data provide evidence that the zebra fish genome contained two copies of the zfAPEX1 gene.
There are two transcripts of zfAPEX1 (Fig. 2C and D) . After we performed 5Ј and 3Ј RACE with appropriate internal primers to anchor the fragments in the zfAPEX1 gene, we obtained two fragments, which were subcloned and sequenced (Fig. 2C) .
Both contained the same coding region for ZAP1 and identical 3Ј and 5Ј flanking regions. However, the longer sequence contained an additional 707 bp at the 3Ј end preceding the poly(A) tail and an additional 67 bp at the 5Ј end. To confirm this observation, we performed Northern blot analysis (Fig. 2D) with two different probes. When the coding region was used as the probe, we observed two bands at 2.1 and 1.3 kb, respectively. However, when we used the 297-bp sequence from the longer 3Ј end as a probe, there was only a single 2.1-kb band (Fig. 2D, lane 2) . The result confirmed that the larger transcript is the one containing the unique sequence from zfAPEX1a.
zfAPEX1 encodes a protein that cleaves an abasic site 5 to the dRP. The calculated molecular mass of ZAP1 is 34.8 kDa. PAGE analysis of the purified, recombinant protein (Fig. 3A) revealed a single protein band with an approximate molecular mass of 36.7 kDa. Like the human protein, the zebra fish protein had a slightly slower mobility than the standard molecular than markers than was warranted by its amino acid sequence. Amino-terminal sequencing of the purified protein confirmed the expected sequence. Amino acid analysis revealed that a Bradford assay with BSA as the standard overestimated the amount of protein by 30%. This effect is also seen with the human protein (41). The K m for the zebra fish protein was 100 nM, and the V max was 32 fmol/20 s when enzyme was present at 0.07 nM (Fig. 3B) . Therefore, the turnover number for ZAP1 was 4 s Ϫ1 , in excellent agreement with that of HAP1 (41) . Like the human protein, ZAP1 also had a 3Ј exonuclease activity at ca. 1% the level of its endonuclease activity.
zfAPEX1 mRNA is expressed throughout embryogenesis. In situ hybridization using the full-length transcript of the cDNA as the probe indicated that zfAPEX1 was heavily expressed in FIG. 3 . Purification and analysis of recombinant ZAP1 reveals a protein with kinetic parameters similar to those of the human protein.
(A) PAGE analysis of purified ZAP1. ZAP1 was expressed and purified as described in Materials and Methods. SDS-PAGE reveals a single band. As in the case of the human protein, the zebra fish protein has a slightly slower mobility versus the standard molecular mass markers than is warranted by its size. (B) Lineweaver-Burk plot of ZAP1 endonuclease activity. The assay was performed as described by Strauss et al. (41) between 40 and 1,000 nM substrate, whereas the concentration of enzyme was maintained at 0.07 nM. The assay interval was 20 s, during which no more than 5% of substrate was converted to product. Substrate and product were resolved by denaturing gel electrophoresis (15% gel) in the presence of 8 M urea. This plot shows the average of four independent experiments. VOL. 26, 2006 ZEBRA FISH AP ENDONUCLEASE (ZAP1) IN DEVELOPMENT 9087 the early stages of embryogenesis (Fig. 4) . By 48 hpf, relatively less message was found in the tail region and relatively more was found in the head region. Thus, ZAP1 fell into the class of genes that are transcribed before the midblastula transition (MBT). We confirmed this finding by using RT-PCR of RNA transcripts obtained as early as 2 hpf (data not shown). We also examined the protein content of ZAP1 at different stages of development (Fig. 5, top panel) . Protein extracts were prepared from unfertilized eggs, from embryos at two stages of development, and from adult fish. Since antibody to the human protein failed to recognize ZAP1, we prepared several antisera predicted to be on the protein surface by homology modeling with HAP1. Antiserum 2, prepared against peptide 140-155, recognized a 36.6-kDa band in protein extracts from all four developmental stages (Fig. 5, top right panel) . The signal was blocked when antiserum was mixed with free peptide epitope. This antiserum also recognized purified recombinant ZAP1, as well as HAP1. Density quantification indicated the highest concentration of this protein, 105 pmol per fish, occurred in the adult zebra fish. The amount of protein per cell, however, decreased as development progressed: each egg had approximately 600 fmol of AP endo, whereas 50% epiboly embryos had 5 ϫ 10 Ϫ3 fmol/cell (ϳ10 5 cells/50% epiboly embryo) (24) . Since the number of cells at 24 hpf and in adult fish is apparently unknown, this calculation could not be performed for older embryos and adults. However, since cell numbers continued to increase during development by many orders of magnitude, whereas the amount of ZAP1 protein per organism increased ϳ100-fold, we concluded that AP endo is present in the highest concentration in the unfertilized egg and, therefore, is a maternal protein.
Functional zfAPEX1 mRNA is required for early development. We then examined the effects of knockdown by microinjecting MOs directed at different parts of the zfAPEX1 gene ( Table 1) (Table 1 , condition 1, and Fig. 6A and B) . The MBT is closely analogous to the embryonic day 5.5 stage of mouse embryogenesis (http://genex.hgu .mrc.ac.uk), the stage at which Xanthoudakis et al. (55) reported that murine knockouts die.
To assess the effectiveness of the TS-MO in knocking down FIG. 4 . zfAPEX1, expressed throughout development, is a maternal protein. Embryos at different stages were probed by in situ hybridization, using full-length transcript of the zfAPEX1 cDNA. mRNA is found throughout the embryo at all stages, although at later stages it is more heavily expressed in the head region. Note the density of stain in the cardiac region at 48 and 72 hpf. . Knockdown to this level could only occur when the translation of both gene copies was blocked in embryos that received the TS-MO. Microinjection of rescue mRNA by itself did not alter the amount of ZAP1 protein relative to that of untreated embryos (Fig. 6C,  lane 3) . Knockdown using MO directed at the first, second, and third intron/exon junctions (SS-MO) or lower concentrations of TS-MO results in a lethal phenotype involving the heart, notochord, eyes, brain, and erythrocytes. Because there were two copies of zfAPEX1, where one copy lacked introns, we designed MOs against the splice sites of zfAPEX1a to examine whether differential knockdown might provide additional insights. Microinjection of a single SS-MO directed against the first splice site had no effect on development (Table 1 , condition 2). However, knockdown with SS-MOs directed against the first three splice sites (total MO concentration ϭ 1.5 pmol/ embryo) or all four splice sites (total MO concentration ϭ 1.5 pmol/embryo) resulted in the appearance of a characteristic phenotype with dysmorphic hearts, pericardial edema, small eyes, brain abnormalities, and crooked tails (Table 1 , condition 6, and Fig. 6D to M) . We also obtained the same results when we microinjected lower concentrations of TS-MO (0.4 to 0.5 pmol/embryo). Although it was easy to see erythrocytes moving along the vertebral arteries of live normal fish by Nomarski optics at 3 days postfertilization (dpf), we were unable to visualize blood flow in hypomorphs. Pericardial edema was already visible at 2 dpf and frequently massive thereafter. Cross-sections through the pericardial sac confirmed the presence of large amounts of fluid and abnormal heart structure ( Fig. 6D to H) . Although we identified the heart cushion between the two chambers (Fig. 6I) , the walls of both chambers were a single cell thick, and no blood vessels were ever identified associated with the heart.
Hearts of MO-injected embryos failed to complete looping and remained central and linear (compare Fig. 6D [hypomorph] with Fig. 6E [control] ). To image normal and defective hearts more fully, we performed knockdown experiments on transgenic fish (cmlc2:GFP) carrying the gene for cardiac myosin coupled to green fluorescent protein (4) . The distribution of cmlc2:GFP allowed us to identify a range of looping defects in hypomorphs, obtained either as rescues with mRNA for hAPEX1 or as partial knockdowns with lower concentrations of TS-MO. Defects ranged from complete looping failure (Fig.  6G , linear heart tube) to partial failure (Fig. 6F , heart tube with a bulge). A normal heart, shown in Fig. 6H , illustrated the asymmetric distribution of cmlc2:GFP in the atrium and ventricle from normal embryos of this transgenic strain (4) . These experiments were particularly noteworthy because they demonstrate that failure to loop occurred even though cardiac myosin was synthesized. In line with the presence of cardiac myosin in hypomorph hearts, we observed cardiac contraction in hypomorphs. However, the heartbeats of SS-MO-injected embryos were slower and erratic in comparison with those of their control, H 2 O-injected siblings (Table 2) .
In addition to abnormal heart development, MO-injected embryos had disorganized eye buds in a uniform pattern, with few cells in the outer layers (Fig. 6J) . The brain tissue was disorganized and much smaller, particularly in the midbrain section (Fig. 6J) , with many structures apparently filled with fluid. Erythrocytes were very difficult to identify in stained sections of MO-injected hypomorphs (compare circled areas in Fig. 6L and M) .
Apoptosis does not occur in embryos halted at the MBT but is enhanced in hypomorphs at 30 hpf. Using acridine orange, a membrane-permeable aromatic derivative that fluoresces in acidic lysosomal vesicles, we demonstrated severe apoptosis in the foreheads, midbrains, and tails of hypomorphs that had received SS-MO or lower concentrations (0.1 to 0.5 pmol/ embryo) of TS-MO at 30 hpf (Fig. 6Q) . Embryos that had been microinjected with TS-MO and failed to progress beyond the MBT did not manifest apoptosis. (Compare the water-injected controls in Fig. 6N with the TS-MO-injected embryos in Fig.  6O .) Therefore, apoptosis was not required for failure of embryos to progress when ZAP1 was depleted.
Morphants that fail to progress beyond the MBT can be rescued. Coinjection of human mRNA for wild-type hAPEX1 enabled more than half of the hypomorphs to pass the MBT (Table 1, condition 4) . However, most of the hypomorphs had a phenotype similar to that of the embryos that had been injected with SS-MO or a lower concentration of TS-MO. Microinjection of zfAPEX1 mRNA alone resulted in failure to pass the MBT for 21% of embryos, whereas 32% had abnormal cardiac development (Table 1, condition 7) , even though the concentration of ZAP1 remained unchanged (Fig. 5C ). Mutant hAPEX1 defective in endonuclease activity (Y171F) was unable to rescue (embryos in which ZAP1 had been fully knocked down) ( Table 1 , condition 5). Therefore, the endonuclease activity of ZAP1 was required for successful passage through the MBT. Quantitation of AP endo protein after knockdown and rescue reveals the importance of the maintenance of correct protein levels. We used Western blot analysis to examine the amount of AP endo present in hypomorphs (Fig. 5B) . Protein extracts were prepared from 6-hpf embryos microinjected with (8) , whereas that in SS-MO-injected embryos is present throughout the embryo, but particularly in the midbrain, tail, and notochord. a Embryos were injected with 1.5 pmol of SS-MO directed against splice sites 1 to 3 and examined microscopically at 48 or 72 hpf. These data are averages of measurements from 10 embryos in each group. The heartbeat rate was determined three times for each embryo.
0.3 ng of mRNA for hAPEX1 (rescue). A total of 40 g from each extract was resolved by SDS-PAGE and either stained with Coomassie blue or transferred for Western blotting with antiserum 2. Coomassie blue staining (left panel) revealed that all major proteins had been synthesized to the same degree under all conditions. Western blot analysis revealed that ZAP1 was reduced by 80% in knockdowns and by 22% in hypomorphs. AP endo levels were actually increased to 220% versus control levels after rescue with mRNA for the human gene.
DISCUSSION
In this study, we demonstrate for the first time that a wellcharacterized DNA repair protein plays an intimate role in vertebrate development. AP endo is known for its ability to cleave abasic sites generated spontaneously or through oxidative damage as a part of the base excision repair pathway (14) . The resulting 3Ј-hydroxyl group then becomes the substrate for the repair polymerase to insert the correct nucleotide. However, a rationale for the lethal phenotype in knockout mice (7, 55) has been missing. Here we show that full knockdown of AP endo in early zebra fish embryos leads to embryonic failure at the MBT, a stage that corresponds to lethality in mice. In contrast, partial knockdown or rescue of knockdown embryos with mRNA for the human gene enables embryos to survive for up to 7 dpf. However, they develop a range of abnormalities in the eyes, notochord, brain, blood cells and, especially, the heart. Similar to AP endo knockout mice, most bmp4 knockout mice will die at embryonic day 6.5 (54) . Bone morphogenetic proteins (Bmps) belong to the transforming growth factor ␤ superfamily of proteins that are involved in many aspects of development (5, 6, 16, 25) . Tissue-specific inactivation of Bmp4 has revealed roles for development in heart, lens induction, bone, and neural tissue (20) . We see analogous effects in zebra fish hypomorphic for ZAP1.
In zebra fish some genes that are multifunctional in mammals have evolved through complementary degenerative mutations (7) . Unlike the human genome or the Fugu genome, each with a single copy of APEX1, the zebra fish genome has two copies of zfAPEX1. One copy, zfAPEX1a, matches the general structure of hAPEX1 with introns in similar locations and an extended 3ЈUTR. The other copy, zfAPEX1b, has a truncated 3ЈUTR and lacks introns. Since the coding sequences are identical but the introns are missing in zfAPEX1b, it is unlikely that complementary degenerative mutation has occurred. Rather, it is more likely that the copy without introns is the result of an event involving a retrotransposon. One other zebra fish gene with two copies where one copy has no introns, ntl, has been identified (56) .
Not only do zebra fish have two gene copies for AP endo but they also have two mRNA species. The longer copy clearly arises from zfAPEX1a. The shorter copy could be a processed form of zfAPEX1a or it could arise from zfAPEX1b, which has no introns. We believe that both gene copies are utilized, because only when the MO is directed against the translation start site do embryos die at the MBT. In contrast, when MOs are directed simultaneously against three or four splice sites, embryos pass the MBT but die by 7 dpf because of defective cardiac development, among other problems. Taken together, these results imply that both gene copies are transcribed and translated and both are required for normal development.
ZAP1 has 78% homology (64% identity) with human AP endo. All residues involved with endonuclease binding and catalysis are conserved (34, 42, 44, 52) . When ZAP1 is expressed in a heterologous system, the purified protein has the kinetic characteristics of the HAP1 protein, including the same K m and turnover number. However, the zebra fish equivalent of Cys 65 , the cysteine residue reportedly required for redox activity in the human protein (11, 48) , is replaced with serine or threonine, depending on the alignment. Cysteine, serine, and threonine can all serve to stabilize tertiary structure through hydrogen bonding. Therefore, a redox function, at least at this residue, is not required for viability or development to 7 dpf. This observation is in agreement with that of Fung and Demple (15) , who demonstrated that cells in which hAPEX1 has been knocked down can be rescued with yeast APN1, which has no redox function.
However, rescue of knockdowns in zebra fish fails when the rescuing human mRNA is mutant in Tyr 171 . Mutation of HAP1 at Tyr 171 to phenylalanine or alanine results in a drastic loss in enzymatic efficiency (36) without alteration in the tertiary structure (S. T. Mundle and P. R. Strauss, unpublished data). Therefore, the ability to cleave an abasic site, a major step in the repair of oxidatively damaged DNA, is required for viability and early development.
Most cultured cells containing p53 undergo apoptosis when AP endo levels are decreased below a certain level (B. Demple, unpublished data). In our experiments, we found severe apoptosis at 30 hpf in the midbrains and tails of hypomorphs microinjected with SS-MO or a lower concentration of TS-MO. However, our results show that apoptosis (8) is not necessary for the development to stop. Embryonic progression stops at the MBT or shortly thereafter when expression from both gene copies of zfAPEX1 is knocked down, even though apoptosis is not detected until 8 hpf (8) .
The most prominent phenotype seen in hypomorphic embryos is extensive pericardial edema that is most likely secondary to the dysfunctional heart, which fails to complete looping, and accompanied by lack of circulating red cells. Knockdown of three distinct genes in zebra fish, tbx5, hrT, and fog1, leads to a failure in looping (18, 45, 50) . Of these, only the phenotype of hrT matches the one described here with failure of vascular development, heart looping, and cardiac edema (45) . It is unclear at this time whether the defect lies with vasculogenesis (1, 13, 31, 43) or hematopoiesis (2, 3, 19, 21, 28, 32) . All of the affected organs, including the heart primordium, are from the same general area of the mesoderm (46) .
Finally, the overexpression of AP endo in embryos also leads to the hypomorphic phenotype. This observation is consistent with studies in mammalian cells, in which overexpression of the protein leads to enhanced apoptosis mediated by p53 (17) .
In conclusion, our findings demonstrate unexpected roles for AP endo in embryonic cardiovascular, hematopoietic, neural, and notochord development. Endonuclease function is required. Many pressing questions remain to be explored. The details of how AP endo participates in differentiation are unknown. Furthermore, the present study does not address the rationale for why embryonic progression fails at the MBT without apoptosis in the absence of the protein. 
